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ABSTRACT 

The devastating consequences of aerosol/mist explosions have been widely documented, and 
there are currently efforts to understand the mechanisms of the formation and explosion of such 
aerosols. Heat transfer fluids are particularly susceptible to these hazards, because they are 
utilized under high pressures and below their flash points, making them more prone to leaking as 
aerosols. However, there is a critical need during design stages for a perception of explosion 
risks associated with the selection of heat transfer fluids. This paper discusses a novel scheme to 
integrate the knowledge of heat-transfer fluid aerosol formation from leaks in process equipment 
into the selection of heat transfer fluids during the design process. 
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Introduction 

Accidents in the chemical industry almost always result in the loss of containment. 
Escaping fluids are released into the surrounding in the form of a liquid or vapor or both. Liquid 
releases, depending on the conditions, may atomize to form an aerosol, which is a dispersion of 
liquid droplets in air. These droplets have the potential to disperse over a larger area than the 
bulk liquid. A potential problem arises when a combustible liquid is atomized. It is a common 
misconception that flammable liquids are safe below their flash points, and in fact aerosols of 
flammable liquids at temperatures well below their flash points can be as explosive as vapor-air 
mixtures. Heat transfer fluids (HTFs) are high flash point synthetic liquids, which are widely 
utilized in the chemical process industry and are available in a range of properties. HTFs are 
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generally considered benign below their flash points, but they are used at high pressures and 
have the potential to form aerosols upon leaking. 

Jacob Eichhom (1955) brought out the distinction between vapor and aerosol 
flammability and recognized that aerosols could explode. Figure 1 is a conceptual diagram 
introduced by Eichhom, indicating the flammability region bounded by solid lines that represent 
the upper and lower vapor flammability limits. These limits are well known and are determined 
by standardized testing methods. The mist flammability region to the left of the dew point curve 
below the flash point, has been depicted by fuzzy boundaries, because aerosol flammability 
limits are tmknown and have not yet been established. Data on the upper and lower flammability 
limits in the vapor region are well established and are used as criteria in the design of processes. 
However, due to lack of data, aerosol flammability is generally neglected, sometimes with 
devastating consequences. 

Factory Mutual Engineering and Research (FME&R) statistics for a recent ten year 
period shows 54 fires and explosions involving HTFs, resulting in $150 million in losses. A large 
number of these resulted in fires, but it is the explosions that caused larger monetary losses. One 
such recent incident directly attributed to a HTF aerosol explosion resulted in a $500,000 loss 
(Febo and Valiulis, 1995). 
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Figure 1. Flammabil i ty  diagram at a fixed pressure (Eichhorn, 1955) 



Aerosols have a larger surface to volume ratio than bulk liquids. As a result, heat and 
mass transfer rates are much higher. Therefore an ignition source can rapidly vaporize part of the 
droplet above its flash point, initiating a fire or an explosion (Laster and Annamalai, 1989). The 

reason for the severity of aerosol 
fires or explosions is that the liquid 

• droplets have a larger enthalpy per 
unit volume that the vapor. Aerosols, 
upon release can rapidly disperse 

. through an entire room, thereby 
~ z " ~ l ~ ~ : ~  creating a large flammable volume. 

IGNITION SOURCE 

Figure 2. Fire triangle for mist explosions 

The potential of aerosols to 
explode is well documented and 
there are ongoing efforts aimed at 
understanding the mechanisms 
involved (Ballal and Lefebvre, 1993, 
Bowen and Shirvill, 1994, 
Polymeropoulos, 1984). 
Additionally, information about 
aerosol formation through leaks is 
also available. Correlations 

describing the relationship between the process operating conditions plus the fluid properties and 
the aerosol droplet sizes formed from a leak have been developed for heat transfer fluids and will 
help to identify fluids that have a lower potential to form aerosols (Sukmarg et al, 2002, Krishna 
et al, 2001). It has been postulated the aerosols in the transition droplet size range of 5 to 15 
microns are responsible for enhanced flame propagation speeds, thereby making aerosol 
explosions more devastating (Burgoyne and Cohen, 1954, Chan and Jou, 1998, 1999, 
Polymeropoulos, 1984). 

In terms of fire safety, the basic approach is to consider the fire triangle. The three edges 
of the triangle represented by fuel, oxidizer, and ignition source are the mist, air, and any ignition 
source, respectively. To work with each of these we must consider issues such as atomization of 
the mist, ignition and electrostatics, combustion of the mist, and possible fire prevention 
mechanisms. Integrating this knowledge into the design/selection process will ensure that the 
selected heat transfer fluids not only meet the design specifications but are also the safest option 
to reduce the formation of aerosols and thereby reduce the risk of fire and explosion. 

Combustion and ignition of mists 



Bo 

70 

Polymeropoulos 

~ransition range' 

60 

5O 

4J 
~mee 

o 40 

0 

,E 
E 
© 3O 

20 

10 

! , | , • | 

0 20 40 60 80 1 O0 

Droplet Size (micron) 

Figure 3. Burning velocity predictions vs. aerosol droplet 
size (Polymeropoulos, 1984) 

The possibility of 
aerosols, or heterogeneous 
mixture explosion, leads to 
the understanding that all 
combustible fluids forming 
aerosols can be flammable. 
This statement is in direct 
contrast to the prevalent 
notion that only highly 
volatile fluids with low 
boiling points are explosively 
hazardous. Moreover, 
existing theory suggests that 
aerosol explosions may be 
more devastating because of 
enhanced burning velocities 
in the heterogeneous mixture 
and higher enthalpy 
concentrations in the liquid 
aerosol phase, in comparison 
to homogenous vapor-air 
mixtures (Polymeropoulos, 
1984). 

Heavy hydrocarbons, 
such as heat transfer fluids 
(HTFs), pump oils, etc., are 
omnipresent in the process 
and manufacturing industries 
and are capable of forming 
aerosols when leaked under 
high pressure. They are 
generally low volatile and 

allow the formation of heterogeneous two-phase mixtures that are prime candidates for aerosol 
explosions 

While it is postulated that heterogeneous aerosol mixture explosions can be more 
devastating than homogeneous vapor explosions, there is very limited concrete experimental 
evidence to support this conclusion (Eichhom, 1955, Vincent and Howard, 1976, Febo and 
Valiulis, 1995). At issue is the fact that flame propagation speeds in aerosols are higher than 
those in vapor-air mixtures for an exclusive droplet size range. Existing theory specifies a 
kinetically controlled premixed combustion mode for fine droplets below 8 microns, where the 
aerosol behaves like a vapor, and a mass transfer controlled diffusion mode for larger drops 
above 15 microns, where the aerosol first vaporizes and then bums. Polymeropoulos predicted 



that, in the 'transition range', the flame speeds would be enhanced considerably, as shown in 
Figure 3 (Polymeropoulos, 1984). 

Small droplets, upstream from the flame front, evaporate quickly because of heat radiated 
ahead of the flame front. This condition results in homogeneous vapor phase combustion. The 
amount of radiative heat transfer depends on the surface area to volume ratio of the droplets. 
Smaller droplets have higher surface area per unit volume as compared to larger droplets and 
thereby exposed to higher heat transfer flux. On the other hand, evaporation of larger droplets 
ahead of the flame front is increasingly low because of their small surface area to volume ratio, 
and the flame speed is significantly reduced because of a lack of vapor. 
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Figure 4. Burning velocity predictions vs. aerosol 
droplet size at different values of ~2 

In the transition range between 
the smaller and larger droplets, there 
are droplets that are small enough to 
generate sufficient vapor by the 
radiation from the flame front but are 
large enough to remain as droplet mist 
after the evaporation. It is also known 
that flames have a tendency to 
accelerate when constricted by 
obstacles (droplet mist in this case). 
And hence it is postulated and 
analytically derived that the flame 
speed in this transition range could be 
enhanced. In addition to this flame 
acceleration by obstacles, the droplets 
may also vaporize extremely rapidly, if 
they are small enough, thereby 
appearing to ignite directly, and 
because of their higher enthalpy 
concentration in the liquid state will 
provide additional thrust to the flame 
front. (Chan and Jou, 1988, 1989, 
Laster and Annamalai, 1989) 

The flame propagation speed 
also depends upon the upstream fuel to 
air ratio and the vapor fuel to liquid 
fuel ratio (~). For highly volatile fuels 

such as hydrocarbons, ~ approaches unity and flame propagation occurs largely in the vapor 
phase. This condition results in a negligible enhancement of the flame propagation velocity in 
the transition range. As ~ approaches zero for low volatile industrial fluids such as HTFs, the 
theory predicts that this enhancement becomes more pronounced, as shown in Figure 4. 
Polymeropoulos concluded that, to demonstrate this effect, a fuel with low volatility must be 
studied (Burgoyne and Cohen, 1954, Polymeropoulos, 1984). However, from the combustion 
point of view, a low volatile fuel is of little or no use. This makes the proposed study, 
investigating HTF flammability, ideal to confirm the theory of flame enhancement for the 



transition range, whereas it is highly cumbersome, if not impossible, to maintain the nearly zero 
£'2 condition for extremely volatile combustion fuels. 

Although the existence of the transition range is anticipated from related theory and 
analysis, it is essential that this proposed transition range be studied experimentally to verify and 
understand the mechanism of aerosol explosions. HTFs are generally low volatile with high 
boiling points (£2 ~ 0) and would offer a more observable flame speed enhancement. Concrete 
experimental support for the aforementioned theory would further prove that aerosol explosions 
are more devastating than vapor explosions. 

In any process plant, there are number of possible ignition sources. It many cases, it is not 
practical for all possible ignition sources to be identified. However, whenever possible, identified 
ignition sources must be eliminated. Ignition sources for over 25,000 fires were studied and 
tabulated by Factory Mutual Engineering Research Corporation (1974) and the significant 
sources with respect to aerosol explosions have been tabulated, as shown in Table 1. Ignition 
sources with the highest possibility of occurring must be dealt with more seriously and can be 
determined through quantitative risk assessment. Occurrence of simultaneous ignition 
probabilities must also be considered. Since ignition sources increase as the plant size increases, 
larger plants are at greater risk (Crowl, 1990). 

A primary consideration for mist flammability is the minimum ignition energy (MIE), 
which is the threshold energy in joules in a capacitor that upon discharge is sufficient for ignition 
of a given fuel mixture under specified test conditions (Britton, 1999). The increased surface 
area of the dispersed liquid phase that comprises a mist is responsible for enhanced rates of heat 
and mass transfer, and this is the distinction from liquid spills that makes mists more hazardous. 
The ease of ignition is increased as the mean drop diameter of the mist decreases (Lewis and von 
Elbe, 1987), because the liquid must partially vaporize before it ignites. At smaller diameters, the 
increased surface area to volume ratio accelerates the evaporation process, which is essentially a 
combination of heat and mass transfer (Britton, 1999). Also it is found that in a distribution of 
drop sizes, the smaller droplets ignite faster and burn ahead of the resultant propagating flame 
front. 

The main methods of removing the ignition arm from the fire triangle would involve 
prevention of electrostatic discharge. Methods of controlling electrostatic hazards have been 
extensively studied (Britton, 1999). Hence aerosol/mist drop size is a critical parameter for both 
ignition as well as combustion processes. Smaller droplet sizes seem to possess a greater hazard 
as they ignite easily and combust vigorously. Therefore, any preventative measure should ensure 
that smaller droplet sizes are not generated during a heat transfer fluid leak. 



Table 1" Ignition sources for major fires 
(Adapted from Factory Mutual Engineering Research Corporation, 1974) 

Percentage 
Ignition source 

occurrence 
Electrical (wiring of motors) 
Friction (bearings or broken parts) 
Overheated materials (abnormally high temperatures) 
Hot surfaces (heat from boilers, lamps, etc.) 
Burner flames (improper use of torches) 
Combustion sparks (sparks and embers) 
Cutting and welding (sparks, arc, heat, etc.) 
Mechanical sparks (grinders, crushers) 
Static sparks (release of accumulated energy) 

23 
10 
8 
7 
7 
5 
4 
2 
1 

Existing HTF selection criteria, shortcomings, and required improvements 

Existing elementary screening employed in heat-transfer fluid selection are flash point, 
fire point, and autoignition temperature. Theflash point of a fluid is the temperature of the fluid 
at which it generates sufficient vapor to support momentary combustion or a "flash". It can be 
measured by the Cleveland Open Cup (COC) test (ASTM D92) or the Penske Marten Closed 
Cup (PMCC) test (ASTM D93). The PMCC test concentrates the vapor and hence results in a 
value that is 8-10 °F lower than the COC test. 

Fire point is the temperature at which a fluid generates sufficient vapor to support 
sustained combustion and is typically 4 0 -  100 °F higher than the flash point. Flash and fire 
point tests are indicators of the volatility of a fluid, i.e., they indicate the ease with which a given 
liquid can vaporize, thereby generating sufficient vapor to ignite. A fluid with a lower flash/fire 
point, therefore, will ignite more easily. 

The autoignition temperature is the temperature at which a fluid will ignite without any 
external source of ignition. It is measured by injecting the fluid into an atmosphere of heated air. 
The temperature of the heated air that ignites the fluid is the autoignition temperature of the fluid 
(ASTM D215 5). 

While these tests form an essential part of the selection process, merely ensuring that the 
fluid is below its flash point assumes that the fluids, do not pose a fire hazard below their flash 
points. As discussed earlier, this is clearly not true. Heat transfer fluids are capable of forming 
aerosols/mists on leaking, and these mists are capable of being ignited and exploding at 
temperatures below their liquid flash points. Most hazardous situations involving heat transfer 
fluids occur as a result of leaks in process equipment due to mechanical failure. For major leaks 
caused by joint failure resulting in a substantial leakage of the heat transfer fluid, ignition sources 
close to the leak would be required as the fluid would not disperse very far from the leak. 
Insulation fires would occur if the leaking fluid saturates the insulating material and attains its 
autoignition temperature. Fire and explosion risk in such situations can be considerably reduced 



if the fluid is maintained at a temperature well below its flash point (Fuhr, 1992, Oetinger, 2002, 
Albrecht and Seifert, 1971, Febo and Valiulis, 1996). 

However, small leaks with sufficient operating pressure have the ability upon leaking to 
form aerosols, which can disperse and increase the risk of a mist explosion (Sukmarg et al, 
2002). Krishna et al. (2001) have shown that the mist formation can be related to the operating 
conditions (temperature and pressure) as well as the heat transfer fluid properties. Surface 
tension, density and viscosity all contribute to the characteristics of the resultant aerosol. 

During the design process, the factors that affect the choice of a given heat transfer fluid 
are the rate of heat transfer, temperature range, working pressure required, economic 
considerations like cost, maintenance, cleaning and replacement, limitations imposed on 
materials of construction and finally hazards (fire, explosion, & toxicity) (Singh, 1981, Cuthbert, 
1994). Process engineers involved in the design process may screen for flash, fire, and auto- 
ignition temperatures while evaluating fire and explosion hazards but usually do not fully 
appreciate potential mist explosion hazards. 

However, it is necessary to understand that the paucity of concrete data on the mist 
explosions prevents any formal design procedure from incorporating potential mist explosion 
hazards into the selection of heat transfer fluids. In the absence of data on the flammability and 
explosion limits of mists, using data for the formation of such mists is critical. Reducing the 
susceptibility of leaking fluids to atomization will greatly reduce the potential of mist explosion 
hazards. While flash points are used to identify vapor flammability hazards, a property that 
characterized the mist of aerosol phase is required. The Sauter Mean Diameter (SMD) can 
provide an effective index to characterize the aerosol or mist, as elaborated in the following 
sections. 

S M D  as a c r i t e r i o n  

The mean drop diameter is the most common quantity that represents a set of droplets in 
a spray. Depending on the requirement, several different expressions of the mean drop diameter 
are available. The general definition that describes all forms of the mean diameter is: 

_t ~ Dip An i Dpq = P (1) 
DqAni 

By using different values ofp and q, we can generate a host of mean droplet diameters, each of 
which can yield different information about the spray system. Bayvel and Orzechowski (1993) 
have provided the commonly used mean diameters based on Equation 1 and their applications, as 
shown in Table 2. 

The ultimate aim, in this research, is for drop size data to be utilized to determine the 
flammability limits of aerosols. Hence the most applicable diameter is the Sauter Mean Diameter 
(SMD), which is the diameter of a uniform set of equivalent droplets with the same total volume 
and the surface of all droplets as in the real set. 



D32 = SMD = ~ D3 An 
D2An 

(2) 

The SMD is generally the most commonly used mean diameter statistic, because it can be used 
to characterize important processes such as droplet penetration or heat and mass transfer. The 
penetration of droplets is a measure of the ratio of the forces of inertia to the forces of 
aerodynamic drag. 

EpL(~D3 /6)aAn 
D32 ~ Z CD (TrD2 / 4XPaV2 / 2)An 

where Pz and ,oG are the densities of the liquid and ambient air, respectively, and a is the droplet 
acceleration. 

(3) 

Table 2. Mean drop diameters 
(Adapted from Bayvel and Orzechowski, 1993) 

Mean diameter 

P q Symbol Name 
1 0 D~o Arithmetic 

Surface 
2 0 D2o 

3 0 D3o 
Volume 

2 1 D21 Relative surface 
Relative volume, 

3 1 D31 Probert's 

Volume-surface, 
3 2 Dje Sauter's 

Mass, de Brouckere's 
4 3 D43 or Herdan's 

Application 
Comparison of disperse systems 
Surface area control, surface 
phenomena, e.g., absorption, 
vaporization 
Volume control, volumetric 
phenomenon 
Drop disintegration, absorption 
Evaporation, molecular diffusion, 
combustion 
Drop range, mass transfer, heat 
transfer, combustion, dispersion 
Drop fractionation, combustion 

The heat transfer between droplets and the ambient air can be measured as the ratio of the heat 
necessary to raise the temperature of the droplet by ATe, lSe to the heat transferred from the 
surrounding air at a temperature gradient of ATcz4D. 

~CLpL (zD 3/6)ATeaseAn 

D32 ~ E arcD2 ATo~DAn 

where cL is the specific heat capacity of the liquid and a is the thermal conductivity. The mass 
transfer between the droplets and the air can be represented as the ratio of the mass of the 
droplets to the evaporation rate per unit time. 

(4) 



Z pL (~o 3/6)An 

D32 ~ Z :¢D2fl(Co - C)An (5) 

where/7 is the mass exchange coefficient, and C, Co represents the ambient gas concentration far 
away and at the droplet surface, respectively. 

Studies on the atomization of leaking HTF have related the SMD of a leaking aerosol to 
the operating conditions and the fluid properties (Krishna et al, 2001). Utilizing the models to 
predict the SMD that would result under certain operating conditions and with certain HTFs, can 
help to assess the hazard posed. Asdiscussed earlier, smaller droplet sizes are ignited faster and 
combust more vigorously than larger droplets, indicating that they pose a greater mist explosion 
hazard. Krishna et al. also provide rules that will help in the design process: the higher density 
HTFs will form smaller droplets on leaking, higher viscosity HTFs are less likely to form 
aerosol, HTFs with the higher surface tension will form larger droplets on leaking, and higher 
operating pressures will produce aerosols closer to the leak and with smaller droplet sizes. 

The SMD also represents a distribution with which the fraction of the droplets below 20 
microns in a given release can be estimated. It is understood that for a given distribution of 
droplet sizes, this fraction decreases with increases in the SMD. It therefore appears prudent to 
use SMD as an index of the hazard associated with a particular aerosol release. 

Selection methodology 

From discussions thus far, the main parameters for heat transfer fluid selection can be 
enumerated as follows (Singh, 1981, Cuthbert, 1994): 

1. temperature range 
2. operating pressure 
3. heat transfer coefficient 
4. economics 
5. maintenance 
6. limitations on materials of construction 
7. hazard potential 

The hazard potential can be sub-divided into vapor and mist hazards. Operating the 
system below the flash point of the HTF reduces the vapor hazard. The SMD, which is calculated 
for various HTFs using correlations, can be plotted against any other parameter and analyzed. 
Consider the case where after several HTFs have been short-listed for selection, based on initial 
screening of the temperature range, heat transfer coefficient, and flash point. The developed 
correlations can be used to estimate the SMD under the given conditions. The SMD and the 
operating pressure are both plotted as shown in Figure 5 for one HTF. The uncertainty in the 
SMD includes the uncertainties in the correlation prediction, temperature range of operation, and 
operating pressure. The procedure is repeated for the short-listed fluids and the resulting 
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plot, as illustrated for four HTFs in Figure 6, is then analyzed. A range of HTFs must be utilized 
at operating pressures that yield the required range of temperature utility. 
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Based on the above comparison, we can see that fluids with high operating pressures and 
low aerosol SMDs pose the highest risk. Hence the ideal fluid would be one that operates at a 
low pressure and on leaking would produce a high SMD aerosol. The plot can therefore be 
divided into different hazard levels, an example of which is shown in Figure 7. 

Comparing Figures 6 and 7, we see that HTFs A & B both operate at higher pressures and 
result in smaller SMDs than HTF C. Hence, C would be a less hazardous option as compared to 
A and B. When comparing HTFs C and D, the distinction is rather fuzzy. While D operates at a 
lower pressure, it results in a lower SMD. Based on the classification in Figure 7, HTF C ranks 
as a low to moderate hazard, while D is a moderate hazard. Additionally, economic 
considerations also can be applied to determine the most appropriate fluid. 

Conclusions 

With a simple application of available data, the potential hazards due to aerosol leaks can 
be factored into the selection of heat transfer fluids in the design process. Additionally, 
recommendations may be made to alter the design of the heat transfer process if low or moderate 
hazard levels are not attainable. One recommendation could be the addition of minute quantities 
of additives to the HTF to increase the surface tension and result in higher SMDs. Any 
degradation of the fluid during plant operations over time can be translated into an altered hazard 
level, which may necessitate a replacement of the fluid. The hazard level can therefore be 
monitored throughout the life of the process. 

The proposed scheme will ensure that product selection based on hazard analysis 
becomes part of the seamless flow of design and development of safer chemical processes. It also 
demands that links between fire and explosion hazards, requirements (and associated design 
outputs), are based on verifiable and validated data. By integrating the hazard analysis with the 



design process, monitoring of the hazard can be achieved throughout the life of the process, and 
every instance of process alteration thereby becomes an effective tool for management of 
change. Finally, such methods can be integrated into the design curriculum thereby making 
safety second nature. 
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